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FUEL AND AIR MIXTURES 

By Mitchell Gilbert, John N. Howard 
and Bruce L. Hicks 


SUMMARY 

The factors important in determining the state and the rate of 
change of state of mixtures of liquid fuel, fuel vapor, and dry air 
are discussed with reference to basic physical variables such aB 
pressures, temperatures, and amounts present of liquid fuel, fuel 
vapor, and air. 

Data in the form of curves and tables are given to enable esti- 
mation of temperatures and other conditions required for complete 
or partial vaporization of various fuels. An estimate is also made 
of the maximum and minimum time for evaporation of different sizes 
of fuel drops; the importance of knowledge of the factors affecting 
vaporization time is indicated from this estimate. 


INTRODUCTION 

Knowledge of the physical state of the fuel-air mixture (that 
is, the mixture quality) within the precombustion zones of a jot- 
propulsion burner and at the intake ports of multicylinder recipro- 
cating engines is necessary in present aircraft- engine research. In 
the jet-propulsion burner research much work is being done in evalu- 
ating the performance of fuels. The variation in rate and completeness 
of combustion with different fuels cannot be completely understood 
unless the vaporization factors are given their proper emphasis in 
explaining the processes leading to combustion. In the reciprocating- 
engine field knowledge of mixture quality is needed for the correlation 
of fuel knock ratings between multicylinder engines and s ingle- cyclinder 
laboratory engines for studying the performance of various engine com- 
ponents and for improving fuel distribution to cylinders. The proper 
evaluation of the effects of internal coolants in engines could be 
materially aided by mixture-quality information. Methods of descrip- 
tion of mixture quality are therefore worth while subjects of investi- 
gation with regard to both conventional and jet-propelled power plants. 
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In principle, all physical properties of the mixture that influ- 
ence the performance of individual engine cylinders and the character 
of turning in jet-propulsion units should he determined. Because of 
the complex, unstable, and heterogeneous nature of the fuel- air 
mixture usually existing between the point of fuel injection and the 
intake port or actual combustion zone, complete specification of 
these physical properties is difficult and has seldom been tried. 
Instead, so-called mixture temperatures and calculated oqullibrium- 
air-dist illation temperatures have been used for estimating mixture 
quality. Both methods are inadequate because important factors 
affecting mixture quality and vaporization processes are neglected. 
Measurements of true mixture temperatures axe difficult because of 
vet-bulb effects on the temperature-measuring device. Equilibrium- 
air-distillation temperatures are inadequate because they cannot 
describe the dynamic process by which fuel-air mixtures axe formed, 
but only equilibrium states. 

It is the purpose of this paper to describe the physical prop- 
erties that are necessary to specify mixture quality in a system con- 
taining fuel and dry air and to evaluate the theoretical relation 
between these properties and the physical properties of the mixture. 


NOTATION 

specific heat of air at constant pressure, (Btu/(lb) (°R) ) 

specific heat of fuel at constant pressure differentiated 
by Op j and c for liquid and vapor, respectively, 

(Btu/(lb)(°R)) 

diameter of fuel drop, (in.) 
diffusion coefficient, (sq in. /sec) 
over-all fuel- air ratio 
ratio of fuel vapor to air 

dimensional constant, (32.2 lb(mass)-ft/lb(force)-sec ) 

latent heats of vaporization, (Btu/lb) 

molecular weight of air, (ib/lb-molecule) 

molecular weight of fuel, (lb/lb-molecule) 

total pressure of system (sum of all partial pressures), 
(in. Hg absolute) 


°pa 


D 

f 

f v 

8 

L ' L 1’ L 2 

Ma 

Mf 

P 
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p a partial pressure of air, (in. Hg absolute) 

Pf partial pressure of fuel, (in. Hg absolute) 

p a saturation pressure of fuel corresponding to the fuel tem- 

perature, (in. Hg absolute) 

R a gas constant for air, ((0.753 in. Hg)(cu ft)/(lb) (°R) ) 

r ratio of molecular weight of fuel to that of air 

SgQ slope at 90 -percent -evaporated point of A.S.T.M. distillation 

curve, ( c R/percent evaporated) 

X fraction of fuel evaporated 

Sj slope at lOOX-percent -evaporated point of A.S.T.M. distil- 

lation curve, (°E/percent evaporated) 

T a air- or gas-phase temperature, (°R) 

Tf fuel temperature, (°R) 

Tdp dew-point temperature of fuel -air mixture, (°R) 

Tgo temperature at 90 -percent -evaporated point of A.S.T.M. dis- 

tillation curve, (°R) 

Tj temperature at lOOX-percent -evaporated point of A.S.T.M. 

distillation curve, (°R) 

TfX equilibrium-air-distillation temperature for 100X percent 

evaporated, (°R) 

t time, (sec) 

VT a weight of air, (lb) 

Wf weight of fuel, (lb) 

P a density of air, (lb/cu ft) 

Pf density of liquid fuel, (lb/cu ft) 

DESCRIPTION OP MIXTURE QUALITY 

A definitive study of the physical state of fuel-air mixtures 
is not possible until those properties of the mixture have been found 
which characterize its state and which can be specified and measured 
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without ambiguity. These properties can be clearly specified for a 
mixture formed from dry air and a pure single -component fuel. The 
characteristics of such a simple mixture will therefore be described 
and the description can be carried over to complex fuels by analogy. 

Equilibrium in a fuel -air mixture may be defined as any physical 
state that does not change spontaneously with time. The existence of 
either thermal or evaporative equilibrium is sufficient to define 
thermodynamic equilibrium in a fuel-air mixture composed of liquid 
fuel, fuel vapor, and air, the condition of supersaturation excluded. 
When a fuel-air system is not in equilibrium, heat and material trans- 
fer between and within the gas and liquid phases will occur that will 
drive the system toward thermodynamic equilibrium. Further, the Bystem, 
if unacted upon by external forces that may bring about pseudoequilib- 
rium in the thermal or evaporative processes, must attain thermal and 
evaporative equilibrium simultaneously. Thus, liquid fuel introduced 
into air at the same temperature as the fuel would result in a system 
momentarily in thermal equilibrium. The unsaturated condition of the 
air with respect to the fuel vapor, however, would cause evaporation 
and the temperature of the system would drop (assuming adiabatic con- 
ditions) . At the true equilibrium state the evaporation would have 
ceased and the temperature would be uniform throughout the system. 

The reverse situation with the system initially in evaporative equi- 
librium but out of thermal balance can also be visualized as being a 
case of pseudoequilibrium. 

An appropriate Idealized model of an engine intake pipe or of a 
Jet -propulsion burner unit is a straight tube containing a nonequi- 
librium mixture. Although fuel-vapor and liquid concentrations, air 
velocities, temperatures, etc. may vary within the cross section of 
the flow, a description of the mixture quality can be based for present 
purposes on the assumption that the system is unifonD. Consequently, 
it will bo assumed that in any cross section of the flowing charge 

(1) all liquid is present in the form of drops uniformly distributed, 

(2) the fuel temperature Tf and the size of all drops is the same, 

(3) tlie temperature of the gas phase T a is the same throughout, and 

(4) the fuel vapor in the gas phase is uniformly distributed (the 
fuel-air ratio f in the gas phase is constant) . If X is the frac- 
tion evaporated, the masses of liquid and gaseous fuel per unit mass 
of air aro f(l - X) and fX, respectively. For a given single- 
component fuel, knowlodgo of f, X, T^, T a , and the total pres- 
sure p completely defines tho state of the mixture under the stated 
assumptions. These five properties of the mixture, which will be 
called mixture parameters, are therefore those that should bo employed 
in studying either the physical equilibrium or nonequilibrium of a 
mixture of fuel and air and in determining the relation between engine 
performance and mixture quality. 



NACA TIT Nc. 1078 


5 


The mixture can "be said to be in equilibrium during a given 
interval of time, in view of the assumed uniformity, if T a = Tf 
during this time or if the partial pressure of the fuel pf satis- 
fies the equilibrium vapor-pressure— temperature relation for the 
fuel, which can be symbolized by P s = Pf = F(Tf) = F(Ta). The 
simplest criterion of equilibrium is obviously the thermal one. The 
complete description of the equilibrium state requires four of the 
five mixture parameters (X, f , p, and T a = Tf) . 

• When the mixture is not in equilibrium, the complete description 
requires all five parameters and, in addition, knowledge of the 
intrinsic properties of the system to determine the rate of approach 
to equilibrium, such as (l) the latent heat of vaporization of the 
fuel L, (2) the specific heat of the air Cp a and of the fuel c-gi 
and Cpy> (3) the molecular weights of the fuel and air Mf and Mg., 
(4) the vapor -pres sure — temperature relation for the fuel, and (5) the 
heat- and material-transfer coefficients throughout the mixture as 
determined by the mechanical state of the fluid (that is, the drop 
size of the fuel and the turbulence and velocity of the air and fuel). 
It is important to note that knowledge of these Intrinsic properties 
and an adequate measurement of the state of the mixture will permit 
determination of the rate of approach to equilibrium (at a given 
instant) only If the equilibrium states are also known. The conditions 
describing equilibrium and nonequilibrium mixtures are assumed to be 
applicable to the description of both single -component and multicom- 
ponent fuel -air mixtures . 


PREDICTION OF MIXTURE QUALITY 
Equilibrium -Air -Di st I Hat i on Temperature 

Dew-point temperature . - One step toward the prediction of mixture 
quality involves a determination of the combinations of fuel proper- 
ties and engine conditions that will Insure complete vaporization of 
the fuel (X = l) . The four other mixture parameters (f, Ta, T f , 
and p) will be assumed to be determined by the operating conditions. 
The value of each parameter will vary if distribution of fuel and air 
Is not uniform among the intake parts of a multicylinder engine of to 
each part of a jet-propulsion burner assembly. On the other hand, 
the properties of the fuel distributed to each intake port or to each 
part of the jet-propulsion combustion chamber fix its distillation 
curve, latent heat of evaporation, and specific heat. 

Complete vaporization of the fuel in the mixture at the equilib- 
rium state can be conveniently specified by reference to the dew-point 
temperature T^p, which is the lowest temperature at which wholly 
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vaporizod fuol can oxist in an equilibrium fuel-air mixturo. For a 
given fuol, initial fuol and air t omperaturos , and total proscuro, 
tho maximum fuel-air ratio that pormita camploto vaporization ia tho 
fuol-air ratio for tho dow-point condition. 

Tho condition T„ = T^ at any time ia aufficiont to apocify 

comploto vaporization in a true equilibrium mixture. For a given fuel 
the dew-point temperature is a function of the total pressure p, “ 
the fuel-air ratio f, and the vaporization characteristics of the 
fuel. Because the partial pressure of the fuel p^. at the dew point 
is determined by the value of the temperature , the partial pressure 
of the air p a at the dew point is fixed for a given value of p. 

Thus, specification of the fuel, and of p and f , determines T^, 

Pf * P a j an( i the molar concentration of fuel and air present in a 
dew-point mixture. 

The relations among T a , T^, p, T^ , and the fuel properties 
can be exhibited in the form of graphs. In figures 1 to 5 the dew- 
point temperature is plotted as a function of f with p as parameter 
for several pure fuels covering a range of volatility. The curves are 
based on the vapor-pressure-temperature characteristics of the fuels 
as given in references 1 and 2 and the equations derived In appendix A. 
Figure 6 gives similar information for two gasolines whose A.S.T.M. 
distillations have 90-percent points of 710° R and 760° R (250° F and 
300° F) and equal slopes at the 90-percent points. Figure 7 shows the 
dew-point curves for a typical kerosene that might be used as a Jet- 
propulsion fuel (Tqq = 922° R). Figures 6 and 7 are based on equa- 
tions derived from reference 3 and described in appendix B. 

It Is evident in figure 6 that the dew-point temperature for 
T Q q = 710° R fuel at a total pressure p of 90 inches of mei'cury 
absolute are substantially the same as the dew-point temperatures 
for Tg 0 = 760° R fuel at a total pressure of 30 inches for all fuel- 

air ratios. The form of tho equations from which these curves are 
derived indicates that linear interpolation between the curves for 
two fuels as in figure 6 is permissible when the SgQ slopes are 
equal. Thus from figure 6 the dew-point tomporature of an AN-F-28 
fuol (T eo = 737° R) for p = 60 inches and f = 0.10 is 
545 + (582 - 545) 27/50 = 565° R. This fuol therefore cannot be 
completely vaporized at 565° R and a manifold pressure of 60 Inches 
if tho fuol-air ratio exceeds 0.10; also at that temperature, a loss 
volatile fuel could not be completely vaporized at the given prossuro 
and fuol-air ratio. 

Figures 1 to 7 cannot bo usod directly to find what initial tem- 
peratures of tho liquid fuol and of tho air arc necessary in ordor 
that the given fuol-air mixture will Just roach tho dew-point condition 
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at equilibrium. In order to determine these temperatures; it will 
he assumed that all the heat necessary to evaporate the fuel and 
change its temperature from Tf to the final dew-point temperature 
T dp is abstracted from the air in the fuel-air mixture and that no 
heat is lost to or gained from the surroundings. The initial air 
temperature T a will therefore exceed the final or dew-point tem- 
perature of the mixture and this excess will be larger; the larger 
the excess of T a over Tf . The relation between T a - Tap and 
fuel-air ratio is presented in figures 8 and 9, which are based on 
calculations discussed in appendix A. It will be noted that the 
total-pressure and the vapor -pressure characteristics of the fuel 
do not enter into figures 8 and 9 except insofar as these variables 
affect Tap. Figure 8 is valid under all conditions for all types 
of fuel whose average L = 144 Btu/(lb) and whose average 
c i = 0.58 Btu/(lb) (°R); values assumed to be representative of 
current aviation fuels. Figure 9 is based on a kerosene whose aver- 
age L = 108 Btu/(lb) and whose average Cp-^ = 0.61 Btu/(lb) (°R) . 

Numerical examples . - The solution of a few typical problems 
will indicate how figure 8 or 9 is to be used. 

(1) What is the dew point of the fuel of lowest volatility that 
. can be completely evaporatod adiabatically for initial air and fuel 

temperatures of 500° B and a fuel-air ratio of 0.10? 

In the case of equal initial fuel and air temperatures, the 
process of vaporization is accompanied by self-cooling of the fuel 
through vaporization and cooling of the air by the fuel until the 
system reaches the dew-point temperature at equilibrium , From fig- 
ure 8 at f * 0.10, T a - Tf =0, ,T a - T dp is found to be 48°; 
therefore, T dp = 452° B (-8° F) and no fuel with a higher dew-point 
temperature would be completely vaporized at a fuel-air ratio of 0.10. 
If T a = 600° B and T f = 500° E, the limiting T dp = 532° E (72° F) 

(2) Suppose a fuel whose dew-point temperature T dp at a fuel- 
air ratio of 0.08 is 510° R must be evaporated adiabatically by air 
with initial temperaturo of 560° B. What is the minimum initial 
liquid fuel temperature for complete vaporization? 

T a - T dp = 50°, f = 0,08. Therefore, from figure 8, 

Ta - Tf = 60° and Tf = 560 - 60 = 500° E (40° F) . If the fuel were 
initially colder, it would not evaporate completely. 

Dew-point temperatures used in connection with figure 8 can, of 
course, be evaluated from figure 6 or its equivalent. It should be 
noted that the direction of change of T a , for fixed f and T dp , 
is always opposite to that for Tf. 
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Partial vaporization. - A second stage in the prediction of 
mixture quality is reached when calculations of equilibrium fuel- 
air mixtures that contain liquid fuel (Z <l) are required. The 
correlation made "by Bridgeman (reference 3) gives an equation for 
computing temperatures of partly vaporized equilibrium fuel-air 
mixtures of multicomponent fuels. This equation is given in appen- 
dix B and is similar to that used for computing dew points. A 
graphical equivalent of the method used in developing figures 8 and 
9 can then he used for the calculation of initial air temperatures 
necessary to evaporate fraction X of the fuel. 


Rate of Vaporization 

A more complete and general prediction of mixture quality is 
possible if the rate of vaporization of the mixture can be specified 
at any instant in the vaporization process in addition to the equi- 
librium conditions. The initial state of the mixture can be described 
by specifying the fuel and the values of T a; If, f , p, and that 
X = 0. The rate of change of the parameters T a , Tf, f, and pp 
with time is determined by the volatility of the fuel and other proper- 
ties of the fuel-air mixture and by the values of these parameters 
and of p during evaporation. The total pressure p will not be 
affected appreciably by the vaporization for the fuel -air ratios and 
the air-flow velocities ordinarily encountered in Jet -propuls ion and 
reciprocating-engine power plants. If the vaporization and heat- 
and material -transfer processes are sufficiently rapid, the mixture 
will reach equilibrium before passing into the intake ports of an 
engine or before appreciable travel in the combustion chamber of a 
jet -propuls ion unit. If the rates are too small, equilibrium will 
not be attained. In either case, prediction of mixture quality at a 
given point will depend upon knowledge of the rates of vaporization 
and of heat and material transfer in the mixture during its passage 
from the point of fuel injection to the point of interest. 

At present it 1 b jmpossible to compute rates of vaporization 
for mixtures of air and a fuel that contains many constituents. It 
is possible, however, to compute the evaporation rate for a mixture 
of air and a pure fuel such as that described in a previous section 
DESCRIPTION OF MIXTURE QUALITY. 

The minimum time for complete evaporation (that is, that corre- 
sponding to isothermal evaporation into a maintained vacuum) can be 
estimated by an integration (see appendix C) using the evaporation - 
rate given in reference 4, which sets a useful lower limit to the 
total evaporation time required. This minimum time for evaporation 
is given by the expression 
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W =0.0099 


Pf^o . /* R a T f 
P B 2rg 


(sec) (1) 


where Tj is the temperature of the fuel drop. Actually Tf trill 
drop somewhat during evaporation but it is assumed to be constant at 
the initial value because then equation (1) gives the lowest value 

for W* 


The maximum times for complete evaporation of drops of a given 
size (that is, that corresponding to diffusion through still air) 
can be estimated approximately for a given final fuel-air ratio from 
the equation (derived frcsa references 5 and 6) 


W = °- 125 


. 2 

Pf&o P 

rp a (p a - P f )D 


(sec) 


( 2 ) 


where p Q is the saturation pressure of the fuel and p f tho 
partial pressure of fuel vapor near the end of vaporization. Various 
refinements in conditions are made by Fuchs (reference 7), such 
as limited space for evaporation, motion of the drop relative to 
the gas atmosphere, the nonstationary nature of the vaporization 
process, the lowering of the drop temperature due to evaporation, 
and variations in vapor pressure at the drop surface due to curvaturo 
and size. The net effect of those refinements will not significantly 
chnngo tho maximum given by equation (2). 

As an illustration of the results obtained from, equations (1) 
and (2), tho times of evaporation of isooctono in air are calculated 
for various conditions. From the empirical relation for the diffusion 
coefficient D given in roforonco 8 for iBOOctane 

22.1 x 10" 6 T Q 3 / 2 

D = — ^ (sq in, /sec) (3) 


Equation (2) thon becomes for an r of 3.941 and an air temperature 
of 610° E (150° F) 


t 


max 


Pf P 


Pa(P s - P f ) ° 


= 0.0951 


2 


(sec) 


U) 
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The maximum and minimum times of evaporation of isooctane are tabu- 
lated in table I for various conditions. The minimum time t^-j^ is 
calculated for drops of 80° F and 100° F evaporating into a maintained 
vacuum. The maximum time t^ax is calculated for evaporation con- 
trolled by diffusion through air at 150° F. The drop sizes cLq and 
the initial fuel temperatures tf are assumed the same as in the 
vacuum case, but the final fuel-air ratios are taken to be 0,10 and 
0.01. The value of p-f in equation (4) is then taken to be equal to 


f — + - - J p (see appendix A) thus assuring that the value of 
obtained is an upper limit. 


^max 


TABLE I - MAXIMUM AND MINIMUM TIMES FOE 


EVAPORATION OF IR0PS 


d o 

(in.) 

Tf 

(°E) 

t min 

(sec) 

tmax ( se °) 

f = 0.10 

f = 0.01 

0.1 

540 

0.048 

458 

296 

.05 

540 

.024 

115 

74 

.01 

540 

.0046 

4.58 

2.96 

.005 

540 

.0024 

1.15 

.74 

.001 

540 

.00048 

.0458 

.0296 

.1 

560 

.029 

216 

171 

.05 

560 

.015 

53.9 

42.8 

.01 

560 

.0029 

2.16 

1.71 

.005 

560 

.0015 

.539 

.428 

.001 

560 

.00029 

.0216 

.0171 


The data in table I are plotted in figure 10. The ratio 
t mn-ir/ tmin ie proportional to dQ in accordance with equations (l) 
and (4) . For the values of cLq plotted In figure 10 the ratio 
varies from 100 for d Q = 0.001 inch to 10,000 for do = 0.1 Inch. 
The vaporization time of a drop will probably lie somewhere between 
the limits shown in figure 10 and can be theoretically predicted 
with greater accuracy only if the mechanisms controlling material 
and heat transfer in the fuel-air mixture, such as the intensity 
and scale of turbulence, are represented in the theory. 

With the time for complete vaporization probably lying between 
wide limits, the time for the formation of mixtures of a given value 
of X is equally difficult to estimate. The vaporization process 
will generally take place in a limited space with varying boundary 
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conditions "both, at the drop surface and at some distance from the 
drop depending on the geometry of the system. The complexity of 
the mathematical solution of this problem is indicated in refer- 
ence 7, Furthermore, the application of rate of vaporization 
theory to complex fuels involves the effects of multicomponent dis- 
tillation and the values of T^, p g , p^., D, and r become all 

the more difficult to detemine . The complete solution of mixture- 
quality problems can, therefore, be seon to require experimental 
methods . 


CONCLUSIONS 

Based on this analysis, the following conclusions wero drawn: 

1. Mixture quality for a simple fuel can bo specified by five 
mixturo parameters; (a) the temperature of the air, (b) tho temper- 
ature of the liquid fuel, (c) the fuel-air ratio, (d) tho fraction 
vaporized, and (o) the total pressure. 

2. The changes in quality of tho mixture as it passes through 
a duct are a function of the five mixturo parameters, of the inten- 
sity and scale of turbulence of tho air flow, and of the physical 
properties of tho fuel and air; that is, tho latent heat of vapor- 
ization, tho liquid and vapor specific heats, the vapor-pressure- 
temporature relation and molecular weight of tho fuel, the specific 
heat of air, and the boat- and material-transfer coefficients 
throughout tho mixturo. 

3. At the present time, mixturo quality cannot be determined by 
theoretical prodiction. Semi theoretical calculat Ions of dew-point 
tomporaturos , of the latont heat effect and of vaporization ratos 
can. howovor, be of assistance in designing and Interpreting experi- 
ments . 


.Aircraft Engine Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, January 28, 1946. 
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APPENDIX A 


DEW -POINT TEMPERATURES 

Bridgeman (reference 3) has reported a method of determining 
the dew-point temperatures of multicomponent fuels at atmospheric 
or lower pressures from data obtained from the standard A.S.T.M. 
evaporation curve of automotive fuels. For the calculations in the 
present report, his equations were assumed to hold for an AN-F-28 
fuel and a kerosene fuel for a range of fuel-air ratios from 0.01 
to 0.11 and for a range of pressures from 30 to 90 inches of mercury 
absolute . 

From Bridgeman (reference 3) the following equation has been 
derived 

T dp = 2/3 T 90 -a.95/S^ + 46.8+jo.l32 + 0.109 log 1Q (0 .0348p - 0 .04)fjl 90 

(5) 


The average error in calculated T dp by equation (5) is about 
±2° R. About one case in ten may lead to an error of ±7° R. The 
data for figure 6 were obtained by assuming Sgo = 3.0 and com- 
puting T^ p for a range of values of p and f and for two values 
of T 9 q, namely 710° and 760° R. For figure 7 S 9 q is 1.67 and Tgo 
Is 922° R. Equation (5) and subsequent equation (ll) can be used for 
gasolines and kerosenes. 

For a pure (single -component) fuel the partial pressure of the 
fuel is obtained from Dalton's law. Thus 



WpX 

-51 

2a 

Wa 


( 6 ) 


where p = p a + p^. The term in parentheses represents the mol 


fraction of fuel vapor. In equation (6), ~ = r and — = f 


W- 


be substituted, giving 






P _ = fX p = EEb 

f r + fS P r 


may 


( 7 ) 
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At the dew point X = 1, 


thus: 


P f = P s 



/ f 

i 

'r + 



( 8 ) 


The value of p g for a given pure fuel is calculated from equa- 
tion (8) as a function of f and p and the dew-point temperature 
is the temperature that corresponds to p g in the vapor pressure- 
temperature relation for the fuel. 

The initial air temperature necessary for complete adiabatic 
vaporization of tlie liquid fuel in an air- fuel mixture can he com- 
puted from a heat balance. Assuming that no fuel is evaporated at 
the start, all the heat used in evaporating the £uel and bringing 
it to the equilibrium dew-point temperature must be supplied by the 
air. Therefore 


V (T a - V ’ Lf + C P (T dp - T f> f < 9) 

with the heat balance written for unit mass of air. In order that 
this equation be exact, it is necessary that the values of L and 
G p te properly chosen. Either L is the latent heat of evaporation 

of the fuel at its initial temperature T p and c p is its mean 
specific heat c^ at constant pressure in the gas phase between 
temperatures and T f or L is the latent heat at the final 

temperature T^ p and c p is the mean specific heat c p ^ of the 
liquid fuel over the same temperature range. 

Equation (9) may he Bolved for T a - T dp : 

< T a ' V * + °P l (T a - V] f /< V + (10) 

Figure 8 has been computed from this equation with 

c pa = 0.24 Btu/(lb)(°R), c p2 = 0.58 Btu/(lh)(°R) and L = 144 Btu/(lb) 
for a series of values of f and T - . Figure 9 for kerosene 

has been computed for values of c . And L of 0.61 and 108, 

respectively. It must be remembered that the value of L for a 
multicomponent fuel at a given temperature is the value corresponding 
to the average composition of the vaporizing liquid. 
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APPENDIX 33 


PARTIAL VAPORIZATION TEMPERATURES 

For the equilibrium, partial vaporization of a fuel -air mixture, 
equations given in Bridgoman (reforence 3) ■when combined and expressed 
in units of degrees Rankin© and inches of mercury absolute became 

Tj-£ = 2/3 Tj + 19.2 log^Q 2(1-X) + 46.8 

+ T x 10.132 + 0.109 log 10 (0.0348p - 0.04) fX j (11) 

in which f is the initial liquid fuel-air ratio and fX (or f v ) 
is the vapor fuel-air ratio. No data are available on the equilib- 
rium. partial vaporization temperature's of fuel-air mixtures at 
pressures greater than 1 atmosphere. The validity of equation (11) 
is thus not established for pressures that involve significant 
changes in the solubility of air in gasoline such that the vapor- 
liquid equilibria are appreciably altered. A convenient aid to the 
use of equations (5) and (11) is given in table II. The bracketed 
right-hand term of equation (5) or (11) 

jo. 132 + 0.109 log 1Q (0.0348p - 0.04) f y j 

is tabulated as a function E (p, f y ) where f v may bo taken as f 
for the dew-point condition and as fX for tho cubs of partial 
vaporization. Calculations involving the use of equation (5) or (11) 
are greatly simplified by tho use of table II. Table II must be 
used with caution for pressures greater than 30 inches of mercury 
absolute when calculating T^ because the errors due to shifts in 
vapor-liquid equilibria with pressure will be mainly in the values 
tabulated in table II . 

In the case of equilibrium partial vaporization, the heat-balance 
equation analogous to equation (9) is 

c pa ( T a " T fX^ = I*i fX + Cpj f (Tfx - T f ) (12) 

In equation (12) Lp must bo chosen at the final fuel temperature 
Tp^ and c^ must be tho moan liquid specific heat at constant 

pressure between temperatures Tj and T^. An equivalent form 
of equation (12) is 
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°pa ( T a - Tfx) = fS + f(T fZ - T f ) (c pl + AcX) (13) 

where L 2 la the latent heat of evaporation at the initial fuel 
temperature, Cpj the mean liquid specific heat, and the term Ac 
represents the mean difference in the specific heats of the fuel 
vapor and liquid (c pv - c p j) over the temperature range. The 
term Ac is also equal to the mean value, over the temperature 
range, of the rate of change in latent heat of evaporation of the 
fuel with respect to temperature . 

Data on tho latent heats and specific boats of the gas and 
liquid phases of petroleum fractions may he obtained ' from refer- 
ences 9 and 10. 
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APPENDIX C 


EVAPORATION OF A DROP INTO VACUUM 
For a drop of diamoter d the evaporation rate ia 

rfrn p 

= -ird G (grams/sec) (14) 

where 

m mss of drop, grains 

G evaporation rate, grama/ sec eta 2 

2 ? 
nd surface area of drop, cm 

The mass of a drop is the volume times density: 

jtd^p f ' 


where primed symbols represent quantities with cgs units corre- 
sponding to similar unprimod symbols used in the body of the paper 
with English units. 


The change in mass upon evaporation during an Infinitesimal 
length of time, 

dm = - grtp^'d 2 d(d) 


(15) 


If equation (15) is substituted In equation (14) and tho rosulting 
equation intogratod botwoen the limits t = 0, d = d 0 ' and t = t, 
d = 0, thon 


1 j i 

_ Pf d o 
2G 


(16) 


Konnard (roforonco 4, p. 69) dorivos 
of gases 

g. 

‘2 ART 

whoro 


from the kinotic theory 


(grans/soc cm 2 ) 

( 17 ) 


R ■ gas constant/grom 
T absolute temperature, °K 

P B ' saturation pressure of fuel vapor, dynes/ cm 
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In the case of evaporation into a maintained vacuum, such that 
all the vapor molecules are removed from the vicinity of the drop 
as soon as they leave the surface, the value of a = 1.0. Then, 
remembering that 


BMf = V Ma 


or 



where E a ' is the gas constant/gram for air, equation (16) becomes 


t 


P f ‘V 

T>b' 1 Zr 


(IS) 


which, upon substitution of unprimed symbols representing English 
units, gives equation (l) 


^min = 


0.0099 Pfd 0 JnRgTf 

^ — Vw 


(sec) 
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TABU II - TABDLAHS VALUES OP THE FWCTI02 10.132 + 0.100 ( O . 0346p - 0 . 0 *) t y 


Fuel vapor - 
air ratio 
f ¥ 

Total praisim , T 
( in . Hg abaoluta ! 


5 

10 

16 

20 

85 

30 

33 

to 

45 

SO 

60 

70 

wm 

90 

EX 

0.000 

- 0.21396 

- 0.17456 

- 0.15336 

- 0.13877 

- 0.12763 

- 0.11862 

• 0.11106 

- 0 . 1045 * 

- 0.09881 

- 0.00369 

-o.aetae 

- 0.07745 

- 0.07103 

- 0.06538 

• 0.06083 

.010 

-.18115 

-.14176 

-49055 

- 4.0696 

-.09482 

-.08581 

-.07824 

-.07172 

-.06699 

- .06088 

-.06207 

-. 0*464 

-.05822 

-.09256 

-.02761 

.013 

-06195 

• 42256 

- 4.0135 

-.06676 

-.07563 

-.06662 

-.05905 

-.05263 

-. 0*660 

-.04169 

-.03287 

-.02644 

-.01002 

-.01337 

-.00832 

.020 

-.14853 

•40894 

-.08774 

-.07316 

-.06201 

-.06300 

-.04543 

-.05891 

-.06318 

-.02807 

-.01928 

-.01182 

-. 005*0 

.00025 

.00630 

.025 

-03777 

-.09637 

-.07717 

-.06258 

-.06144 

-.04244 

-.05487 

-.02835 

-.02262 

-.01761 

-.00869 


•00516 

.01081 

.01686 

.000 

-02914 

-.08974 

-.06854 

-.06395 

-.04881 

-.05381 

-.02624 

-.01972 

-.01399 

-.00887 

- .00006 

.00797 

.00379 

.01944 

.02449 

.005 

- 021B4 

-.08244 

-.06124 

-.04665 

-.03552 

-.08661 

-.01894 

- .01242 

-.00669 

-.00160 

.00794 

. 01*67 

.02102 

.02674 

.03179 

. 0*0 

-•ULUS 

-.07612 

-.06492 

-.04035 

-.08920 

-.08019 

-.01262 

-.00610 

-.00037 

. 00*74 

.01566 

.02099 

. 027*1 

.06306 

.03811 

. 0*5 

- 0.0996 

-.07066 

-.04936 

-.03476 

-.02362 

-.01461 

-.00704 

-.00052 

.00621 

• 0X052 

.01913 

.02866 

.03206 

.05864 

.04368 

.000 

- 0 . 0*96 

-.06656 

-.04436 

-.02977 

-.01863 

-.00962 

-.00206 

.00446 

.01019 

. 0X651 

.02419 

.05156 

• 0074 ? 

.04562 

.04867 

.005 

- 0 . 00*5 

-.06106 

-.03965 

-.02626 

-.01412 

-.00511 

.00846 

.00898 

.01471 

.01989 

.06863 

,03606 

.04246 

.04814 

.06318 

.060 

-.09635 

-.06695 

-.03573 

-.08114 

-.01000 

-.00099 

.00657 

.01310 

.01883 

.02394 

•03378 

.04010 

. 0*660 

.06225 

.06730 

.065 

-. 0625 * 

-.06314 

-.03194 

-.01736 

- *00621 

.00280 

.01056 

.01688 

,02961 

.02773 

.03654 

.04397 

.06089 

.06604 

.06109 

.070 

-.06905 

-.04963 

-.02843 

-.01584 

-.00270 

.00630 

.01387 

.02039 

.08612 

.03123 

. 0*006 

.04748 

.05590 

.06955 

.06460 

.075 

-.08576 

-. 0*637 

-.02517 

-.01058 

.00066 

,00967 

.01714 

.02366 

.02939 

.03460 

. 0*332 

.06075 

.06716 

.06282 

.06787 

.060 

-.08271 

-. 0*331 

-.02211 

-.00752 

.00562 

.01263 

.02010 

.02671 

. 032*4 

.03756 

. 0*637 

.06380 

.06022 

.06687 

.07092 

.065 

-. 0790 * 

-.04044 

- .01924 

-.00465 

.00649 

.01550 

.02306 

.02968 

.03631 

. 040*3 

. 0 * 99 * 

.06667 

.06309 

.06874 

.07379 

.040 

-.07713 

-.03774 

-.01564 

-.00195 

.00919 

.01820 

.02577 

.03229 

.03009 

. 0*313 

.06198 

.06936 

.06680 

.07148 

.07650 

.095 

-. 07*57 

-.03610 

-.01308 

.00061 

.01175 

.02076 

.03833 

.03486 

.04068 

.04669 

.06451 

.06194 

.06835 

.07401 

.07906 

•loo 

-.07216 

-.03276 

-.01155 

.00904 

.01418 

.02319 

.03076 

.03728 

.04301 

. 0*819 

.06695 

.06436 

.07078 

.07844 

.08149 

.106 

-.06984 

- .03044 

-.00924 

.00636 

.01649 

.02550 

.03307 

.03959 

.04552 

. 050*3 

.06924 

.06667 

.07309 

.07875 

•00379 

aio 

- .06763 

-.02824 

-.00704 

.00756 

.01869 

.02770 

.03627 

.04179 

.04752 

.06263 

.06146 

.06888 

.07629 

.08085 

•00600 

.115 

-.06553 

-.02613 

-.00493 

.00966 

.08080 

.02980 

.05737 

.04389 

. 0*962 

.06474 

.06366 

.07026 

. 077*0 

.08305 

.08810 

020 

-. 0655 2 

-.02412 

-.00292 

.01167 

.02281 

.03182 

.03938 

. 0*691 

.06164 

.06678 

.06667 

.07300 

.07941 

.08507 

.09012 

.120 

-.06158 

-.02218 

-.00098 

.01361 

.02474 

.03375 

.04132 

.04784 

.06387 

.06868 

.06760 

.07493 

.06035 

.08700 

.00206 

030 

-.06973 

-.02033 

.00087 

.01546 

.02660 

.03661 

. 0*317 

.04970 

.05643 

. 0605 * 

.06936 

.07678 

,08320 

.08886 

.08390 

.135 

-. 0579 * 

-.01854 

.00266 

.01785 

.02839 

.00739 

.04496 

.05148 

.06721 

.06233 

.07114 

.07857 

.08499 

.09064 

.08569 

•140 

- .06622 

-.01682 

.00438 

.01897 

4X5011 

.09912 

.04668 

.05320 

. 0689 * 

.06403 

.07286 

.06029 

.08671 

.09236 

.08741 

.145 

-. 05*66 

-.01016 

.00604 

.02063 

.03177 

.04078 

.04834 

.03407 

.oeoeo 

.06671 

.07459 

.08195 

.08837 

.09403 

.08907 

.150 

-.06295 

- . 00.365 

.00766 

.02224 

.03337 

.04238 

.04995 

.05647 

.06220 

.06731 

.07613 

.08356 

.08998 

.09863 

.10068 

.155 

-.05140 

-.01200 

.00920 

.02379 

.03493 

.04393 

.05150 

.05802 

. 0637 * 

.06886 

.07767 

.00810 

.09152 

.09717 

.10222 

.160 

-. 0*990 

-.01050 

.01070 

.08689 

.03643 

. 0*344 

.05300 

.05953 

.06526 

.07037 

,07918 

.00661 

.08303 

.09869 

.10373 

.165 

-. 0 * 8*4 

-.00904 

.01216 

.02676 

.05789 

. 0*689 

.06446 

.06098 

.06671 

.07182 

.08064 

.00807 

.00449 

.10014 

.10619 

.170 

-. 0*703 

-.00763 

.01357 

.08816 

.05950 

. 0*831 

.06507 

.06240 

.06815 

.07324 

.08205 

.08948 

.09590 

J . 01B6 

.10660 

.176 

-. 0*565 

-.00626 

.01494 

.02953 

. 0*067 

. 0*968 

.05725 

.06377 

,06950 

.07461 

.08543 

.09086 

.09727 

a0893 

.10798 

.160 

-.04438 

-.00492 

.01628 

.03087 

.01800 

.06101 

.05858 

.06510 

.07003 

.07694 

.08476 

.00219 

•09861 

.10426 

.10831 

.185 

-. 0*802 

-.00363 

.01757 

.03216 

. 0*530 

JJ6231 

.05088 

.06640 

.07215 

.07724 

.08606 

.09349 

.09990 

.10656 

.11061 

a 90 

-. 0*176 

-.00886 

.01884 

.03343 

.04456 

.06367 

.06114 

.06766 

.07339 

.07850 

.08732 

. 00*76 

.10117 

.10882 

.11187 

.195 

-. 0*063 

-.00113 

.02007 

.05466 

.04679 

.05480 

.06237 

.06889 

.07462 

.07973 

.06655 

.09508 

.10840 

.10806 

.11310 

.200 

-.03933 

.00006 

.02126 

.03585 

.04699 

.05600 

.06357 

.07009 

.07582 

.08093 

.08976 

.00718 

.10360 

.10926 

•11430 
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Fuel-air ratio, f 

Figure 4.- Dew-point temperature as a function of total pressure and fuel-air ratio 
for carbon tetrachloride (CCI 4 ). 
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Figure •?.- Dew-point temperature as a funotlon of total pressure and fueJ-alr ratio for 
ethyl alcohol (CgH^OH). 
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Characteristics of the A.3.T.M. distillation 
curve at the 90-percent point 


(°R/percent evaporated) 
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Fuel -air ratio, f 

Figure 7.- Dew-point temperature as a function of total pressure and fuel-air ratio for 
kerosene. 
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T ft Initial air temperature, °R 

T dp Dew-point temperature, °R (of. fig. 7) 

T f Initial liquid-fuel temperature, °R 

These curves apply only when the equilibrium 
mixture temperature Is equal to T dp 



a n f 

(°R). . 
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Fuel- air ratio, f 

Figure 9.- Relation between dew-point temperature and Initial temperatures of air and liquid 
fuel (kerosene) when the mixture reaches the dew-point condition through adiabatlo evapora- 
tion of all the liquid fuel. Average latent heat of vaporization of fuel, 108 Btu/(lb)t 
specific heat of liquid fuel, 0.6l Btu/llb)(°R); specific heat of air, 0.24 Btu/llb)(°R). 
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